I N T R O D U C T I O N
During locomotion on uneven terrain, visual information is used to guide locomotion. Vision provides information on the size, shape, location, and distance of an object in one's path and is used to appropriately plan limb trajectory and foot placement (Fowler and Sherk 2003; Marigold 2008; Marigold and Patla 2007; Mohagheghi et al. 2004; Moraes et al. 2004; Sherk and Fowler 2001) .
Where and how visual information is processed and used to modify or guide locomotion is still poorly understood. Multiple brain regions, including the motor cortex and the cerebellum, have been shown to be activated during voluntary gait modifications and visually guided locomotion (Armstrong 1986; Armstrong and Marple-Horvat 1996; Beloozerova and Sirota 1993; Drew 1988 Drew , 1993 Marple-Horvat and Criado 1999; Marple-Horvat et al. 1998; Widajewicz et al. 1994 ). However, recent evidence suggests that the posterior parietal cortex (PPC) may make a particularly important contribution to visually guided locomotion. Lesion experiments, for example, have shown that damage to area 5 of the PPC leads to deficits in the ability of cats to step over obstacles attached to a moving belt especially when the speed of the advancing obstacles is different, or dissociated, from the speed of the treadmill on which the cat is walking . This is similar to the findings of Fabre and Buser (1981) that showed that lesions to the anterior suprasylvian cortex, including areas 5 and 7, led to a particular inability of cats to reach to, and intercept, a moving target with their forelimbs. Both of these findings are equally compatible with the wealth of information from primates showing the importance of the PPC in the planning of visually guided or triggered movements (Andersen 1997; Andersen and Buneo 2002; Burnod et al. 1999; Jeannerod et al. 1995; Johnson et al. 1996; Kalaska 1996; Mountcastle et al. 1975) .
Single unit recording studies from neurons in area 5 of the PPC during locomotion also support an important contribution of this structure to the control of visually guided locomotion. Beloozerova and Sirota (2003) , for example, have shown that neurons in the PPC increase their discharge frequency when cats step from rung to rung of a horizontal ladder as compared with during overground locomotion on a flat surface. More recently, Andujar et al. (2010) have shown that some neurons in the PPC increase their discharge during, and in advance of, the passage of the forelimbs over an obstacle attached to a moving treadmill belt. These latter authors suggested that the characteristics of the discharge activities of many of these cells were compatible with a contribution of the PPC to the planning, as well as the execution, of these gait modifications.
In quadrupeds, there is an additional need to coordinate foreand hindlimb activity to clear an obstacle. Direct visual information is available to the animal for the modification of forelimb activity. However, this direct visual information is lost as soon as the obstacle passes under the body. Hindlimb gait modifications must therefore be based on stored information about the physical and temporal characteristics of the obstacle (Drew et al. 2008; Pearson 2006, 2009; Widajewicz et al. 1994) . Where and how is the information required to produce modified hindlimb activity stored and processed?
Although even decerebrate cats show almost normal coordination of the fore-and hindlimbs (Halbertsma et al. 1976; Miller et al. 1975) , there is evidence to suggest that the PPC may also be involved in this interlimb coordination when the movements of the hindlimbs need to be modified on the basis of visual information ). For example, following lesion of area 5, it was reported that even in steps in which the cat successfully stepped over the obstacle with the forelimbs, the hindlimbs frequently hit the obstacle either on its near (approaching) side or on its far side . Again, these deficits were greater when the speed of the obstacle was dissociated from the speed of the treadmill on which the cat was walking. Further evidence for a contribution of area 5 to the control of interlimb coordination comes from work by Pearson 2006, 2009; ). In their experiments, forward progress of the cat was halted so that the cat straddled an obstacle with the forelimbs and hindlimbs. The barrier was then removed. When forward progress of the cat was again allowed, the hindlimbs made the appropriate level of flexion to step over the now absent barrier even after delays of Յ10 min (McVea and Pearson 2006) . Recently have shown that lesions to the medial region of area 5 prevent the cat from performing this task, suggesting a contribution to working memory related to this gait modification.
To determine the neuronal processes underlying these contributions to interlimb coordination and working memory, we recorded activity from neurons in the PPC in two paradigms. The first of these was the same as previously described by us (Andujar et al. 2010; Drew et al. 2008; in which the cat stepped over obstacles attached to a moving treadmill belt. The second paradigm was identical to that described by McVea and Pearson (2006) in which forward progress of the cat was impeded during passage over an obstacle. The results show that some neurons in the PPC contribute to interlimb coordination and working memory in both tasks.
Results from this work have been published in abstract form (Lajoie and Drew 2006; .
M E T H O D S

Task and training
The principal paradigm used in these experiments was the same as that previously used in our lesion studies and in a recent manuscript describing the characteristics of neurons in the PPC related to the forelimbs (Andujar et al. 2010 ). As such, it will only be briefly described here. Three adult male cats (PCM2, .6 kg) were trained over a period of 2-3 mo to step over obstacles attached to a moving treadmill belt. In the initial period of training, the speed of the treadmill and that of the obstacles was identical (matched task) and fixed at 0.5 m/s for cats PCM2 and PCM5 and at 0.45 m/s for cat PCM6. In the second part of the training, we decreased the speed of the obstacles with respect to that of the treadmill (0.35 or 0.3 m/s, a ratio of ϳ0.7 of the treadmill speed). We called this the visual dissociation task . In this task, visual information obtained from the moving obstacles is dissociated from visual and proprioceptive information obtained from self-motion. In addition, and of particular relevance to this study, the obstacle takes longer to pass under the body in the visual dissociation task than in the matched task.
After training on the treadmill, one cat (PCM6) was trained in the paradigm used by McVea and Pearson (2006) . The cat was transferred to a walkway positioned beside the treadmill and was trained to walk from one end to the other for a food reward while stepping over an obstacle positioned in the middle of the walkway. In some trials, the progress of the cat was stopped with either the fore-and hindlimbs or the two hindlimbs straddling the obstacle. The cat was given a food reward at this time, and the obstacle was lowered without the cat's knowledge. When the food reward was removed, the cat continued its forward progress and the hindlimbs made a hyperflexion appropriate to step over the now absent obstacle. When the cats were fully trained in both paradigms, they were implanted for chronic recording.
Implantation procedures
All procedures followed the recommendations of the Canadian Council for the Protection of Animals and were approved by the Université de Montréal's Animal Care and Use Committee. Surgeries were carried out in aseptic conditions and under general anesthesia. Animals were pretreated with an initial intramuscular dose of ketamine (11 mg/kg) with acepromazine maleate (Atravet, 0.05 mg/kg) and glycopyrrolate (0.01 mg/kg). Anesthesia was induced and maintained with isoflurane (2-3% with oxygen), and the cats were placed in a stereotaxic apparatus with the use of atraumatic ear bars. Petroleum jelly was placed on the cornea to prevent drying; the temperature was monitored continuously with a rectal probe and maintained with a heating blanket and infrared lamp. Fluids were administered through an intravenous line and antibiotics (penicillin, 40 000 IU/kg) and an analgesic (buprenorphine, 0.005 mg/kg) were given at the beginning and end of the surgical period.
Pairs of Teflon-insulated, braided, stainless steel wires were passed subcutaneously from a connector placed on the cranium and inserted into selected flexor and extensor muscles of the left and right fore-and hindlimbs to record EMG activity. In the forelimb, these muscles always included the shoulder protactor and elbow flexor, cleidobrachialis (ClB), the elbow flexor, brachialis (Br), the shoulder retractor, teres major (TrM) and the elbow extensor, the lateral head of triceps brachii (TriL). In the hindlimb, muscles always included the anterior head of the hip flexor and knee extensor, sartorius (Srt), the hip extensor and knee flexor, semitendinosus (St), and the knee extensor, vastus lateralis (VL).
A craniotomy was made over the right posterior parietal cortex to give access to the ansate sulcus. A stainless steel rectangular baseplate was placed over the craniotomy and four walls of dental acrylic were built around it to form a recording chamber. Microwire arrays (Drew 1993; Palmer 1978) were implanted into the cerebral peduncle at the level of the pontine gray nuclei as well as into the pyramidal tract to identify corticofugal neurons in layer V. After the surgery, the animals were placed in an incubator to recover. Analgesics (buprenorphine, 5 g/kg) were given for the 48 -72 h following the procedures. Antibiotics were given every day for the duration of the experimental period.
Protocol
Experiments were carried out three to five times a week. At the beginning of each recording session, an electrode was manually lowered into area 5 while stimulating one of the electrodes in the cerebral peduncle. Each neuron encountered was tested with each implanted microwire to determine if it discharged antidromically at a fixed latency and if spontaneous action potentials from this neuron collided with antidromic action potentials at appropriate delays (Lipski 1981) . The discharge of each isolated neuron was recorded when the cat stepped over two obstacles attached to the treadmill belt. One obstacle was cylindrical with a diameter of either 8 (cat PCM6) or 10 cm (cats PCM2 and PCM5). The other obstacle was smaller with a diameter of either 5 (cats PCM2 and PCM6) or 8 cm (cat PCM5). Recordings were initially made when the speed of the treadmill and that of the obstacles was equal (matched task) for ϳ10 min or until cats had made 10 -15 steps over each obstacle with each forelimb leading. We then decreased the speed of the obstacles (visual dissociation task) and repeated the recordings. The obstacles were set at equal distance on the treadmill belt (3 m apart) and cats always took at least five step cycles between the time that the obstacle became visible to them and the time that they stepped over it. In cat PCM6, if on-line analysis of a neuron suggested that it might be related to movement of the hindlimb, the cell was tested in the paradigm of McVea and Pearson (2006) as described earlier.
Signals for EMG activity were amplified, filtered, and stored on a computer at a sampling frequency of 1 kHz. Cell activity was digitized on-line at a sampling frequency of 100 kHz and discriminated off-line. Each experimental session was recorded using a Panasonic WV-CL920 color CCTV camera (60 frame/s), and video recordings were synchronized with EMG data by means of a digital time code. In some of the experiments, small lesions (30 -50 A cathodal DC current) were made at known locations within the recording chamber to help with histological reconstruction of the electrode penetrations.
Histology
At the end of the experimental period, cats were anesthetized with pentobarbital sodium (40 mg/kg ip) and perfused with formalin per cardia. The brain was removed and photographed before being sectioned in the sagittal plane and stained with cresyl violet. The positions of the recording tracks were reconstructed with the use of the lesions as guides and transferred to flattened representations of the cortex surrounding the ansate sulcus Andujar et al. 2010 ).
Data analysis
Cells were analyzed using methods similar to those described in detail in Andujar et al. (2010) . In brief, we first used an interactive custom program to discriminate action potentials off-line and then to identify the onset and offset of electromyographic (EMG) activity. For each cell, we identified the following events: 1) the step cycles in which the cats stepped over the obstacle, 2) which forelimb and hindlimb (ipsilateral or contralateral to the recording site) was the first to step over the obstacle, 3) the size of the obstacle, and 4) the four to five step cycles preceding the step over the obstacle. We identified control cycles either as those cycles in which no obstacle was attached to the moving belt (when available) or as those cycles occurring three to four steps before, and at least two steps after, the step over an obstacle.
To compare discharge activity during the different locomotor tasks with control locomotion, we first compiled averaged histograms of cell and EMG activity for each task. For both cell and EMG activity, data were normalized by dividing each step cycle into 512 bins. Cell discharge frequency was calculated on the basis of the method of Udo et al. (Drew and Doucet 1991; Udo et al. 1982) prior to normalization. Data from a given locomotor task were then superimposed on the control activity. A change in discharge activity during a given locomotor task was considered to be significant if activity diverged from the upper or lower confidence limits of the standard error of the mean (SE) of the control steps cycles (P ϭ 0.01) for Ͼ50 bins (10%). Peak frequency was determined from the averaged traces following the application of a 100 Hz low-pass digital filter (dual-pass Butterworth, 4th order). All phase values are given with respect to the onset of activity in either the contralateral or ipsilateral Br or ClB. They are expressed as a phase of the average step cycle based on the onset of activity in the coBr or coClB. Raster displays are used to illustrate the relationships between cell and muscle activity during a given locomotor task. Data from steps over the large and small obstacles were combined as our initial analysis showed little effect of obstacle size on cell discharge (see also Andujar et al. 2010) .
Cells were classified as being related to the fore-or hindlimbs and to the contra-or ipsilateral limb on the basis of the phase of onset of the significant change in discharge activity with respect to the step over the obstacle by each limb. Cells whose activity in the lead condition of the matched task began during the period of activity of one or the other forelimbs over the obstacle and continued until at least the passage of the contralateral hindlimb were classified as forelimb-hindlimb cells (FL-HL cells) . Cells that did not begin to discharge until the passage of the contralateral hindlimb over the obstacle and then continued until the passage of the ipsilateral hindlimb were classified as hindlimb-hindlimb cells (HL-HL cells). Raster displays were used to ensure that there was a constant temporal relationship between the onset or offset of cell discharge and the onset or offset of the activity of flexor muscle activity in the respective limbs.
Definitions
Cats can initiate the step over the obstacle with either the limb contra-l or ipsilateral to the recording site which was always in the right PPC. When the contralateral limb is the first to pass over the obstacle, we refer to this as the lead condition. When the contralateral limb is the second to pass over the obstacle, we refer to this as the trail condition. In either condition, the first limb to pass over the obstacle is referred to as the lead limb. Limb-specific cells refer to those that maintain a fixed temporal relationship with the same limb in both the lead and trail conditions. Limb-independent cells are related to the lead limb in both the lead and trail conditions.
R E S U L T S
Behavioral data
When cats step over an obstacle, there is a well ordered pattern of activity such that, starting, for example, from the left forelimb (lFL), the right forelimb (rFL), left hindlimb (lHL) and right hindlimb (rHL) follow each other in order over the obstacle (Fig. 1A ). This pattern is maintained when the speed of the obstacle is dissociated from that of the treadmill up to a critical ratio of speeds at which time the cat is forced to change its strategy and adopts the double step strategy (Fig. 1B ) (see Drew et al. 2008; . At this time, the order of the passage of the hindlimbs is modified. Instead of the lHL following the rFL over the obstacle, the lHL is placed in front of the obstacle and the rHL precedes the lHL over the obstacle. This can be clearly observed in both the untreated data and in the averages as a reversal of the sequence of activity of the left and right hindlimb flexor muscles (in the example of Fig. 1 , the lSt and rSt, respectively). At the critical speed at which the double strategy occurred, the cats normally adopted one strategy or the other, depending on the lead forelimb, although they occasionally adopted a mixture of the standard and the double step strategy.
In steps in which the rFL was the lead limb, the order of the limbs was reciprocal to that illustrated in Fig. 1 .
As detailed previously , changing the locomotor task significantly modified the timing of the hindlimb flexor muscles with respect to the forelimb flexor muscles. In particular, there were changes in both the relative phase of onset and offset of the hindlimb muscles with respect to the onset of activity in the Br and ClB, as well as increases in the duration of the activity (see. e.g., Figs. 3 and 7) .
Neuronal database
This report is based on recordings made from 47 neurons, different from those detailed in a previous report (Andujar et al. 2010) , recorded from three cats, PCM2, PCM5, and PCM6, the discharge activity of which was related to the passage of the hindlimbs over the obstacle. Some of these neurons were recorded in the same cats (PCM2 and PCM5) as those included in our recent report (Andujar et al. 2010) , whereas other cells were recorded in one additional cat (PCM6). All of the neurons included in this report were recorded within the posterior bank of the ansate sulcus or in the adjacent gyrus (Fig. 2) , corresponding to cyctoarchitectonic areas 5a and 5b Andujar et al. 2010; Avendano et al. 1988; Ghosh 1997; Hassler and Muhs-Clement 1964) . All of these cells were located in layer V of the cortex as determined either by their antidromic activation from the stimulation electrodes in the pontine nuclei (21/47) or by the fact that they were recorded in close proximity to such cells. Histological reconstructions of the penetrations were compatible with the conclusions based on the electrophysiology. Receptive fields were tested for 25/47 neurons and, of these, 20/25 were confirmed to have a receptive field that included the contralateral hindlimb.
All of the 47 neurons included in this database modified their discharge when the hindlimbs stepped over the obstacles. As detailed in METHODS, we divided these 47 cells into two subpopulations based on their discharge characteristics in the lead condition of the matched task. Cells classified as FL-HL cells began to discharge during the passage of one of the forelimbs and continued to discharge until the passage of the hindlimb, while cells classified as HL-HL cells did not begin to discharge until the passage of the hindlimb over the obstacle.
Cells classified as FL-HL cells (large filled circles in Fig. 2 ) were found intermingled with those previously identified in a previous report (Andujar et al. 2010) as being only related to the forelimbs (open circles in Fig. 2, A and B) . Indeed in some cases, they were recorded in the same penetrations as forelimbrelated cells. Cells related only to the hindlimbs (HL-HL cells) were recorded only in one cat, PCM6, and were located more medially than any of the penetrations made in cats PCM2 and PCM5 (Fig. 2C, triangles) . Cells related only to the hindlimbs were sometimes recorded in the same penetrations as those related to the forelimbs and hindlimbs.
Forelimb-hindlimb cells
MATCHED TASK. Contralateral limb leads. The main discharge characteristics of the 31/47 cells included in this subpopulation in the matched task are illustrated by the 3 examples shown in Fig. 3 , A-C. The first two of these cells (Fig. 3, A and B) showed an increase in activity that began just after the onset of the period of activity in the contralateral forelimb (coFL) flexor, the coBr or the coClB, and which continued as the obstacle passed under the body. In the two examples illustrated in Fig. 3 , A and B, both cells continued to discharge during the period of activity of the contralateral hindlimb (coHL) flexor, the coSt, as can be Step over FL l N=25
N=20
Step over FL l FIG. 1. Pattern of electromyographic (EMG) activity during stepping over obstacles. A: during steps over the obstacles when the treadmill and the obstacle were at the same speed (matched task). B: the speed of the obstacle was reduced with respect to that of the treadmill (visual dissociation task) and the cat made a double step. For each task, we show a cartoon of the locomotion, a sequence of the untreated EMG during the step over the obstacle and the averaged activity for all steps in the given task, including the illustrated example. The cartoons show the location of the obstacle just prior to the step over the obstacle with the left hindlimb. Note the change in the order of the limbs in the double step strategy (see text). In both tasks, the EMG traces illustrate the activity of left (l) and right (r) brachialis (Br) muscle from the forelimbs, and of the semitendinosus (St) muscle from the hindlimbs. Data in the averaged traces are synchronized to the onset of activity in the lBr. The step over the obstacle by the lead forelimb is indicated by the arrow. The numbers (1-4) indicate the order of the limbs as they pass over the obstacle, together with the associated bursts of activity in the flexor muscles. All data are taken from cat PCM5. lFL, left forelimb. seen in the raster displays (Fig. 3, A and B, right) . Figure 3C illustrates a neuron that showed a decrease in activity that began during the swing period of the coFL (end of activity in coBr) and that ended just after the onset of activity in the hindlimb flexor, coSrt. It should be noted that none of these three FL-HL cells showed any progressive increases in their activity prior to the step over the obstacle by the forelimbs. This was true for the entire population of 31 FL-HL cells.
The phase of the onset and offset, together with the phase of peak discharge, of each of the 31 FL-HL cells, is illustrated in Fig. 4A . Most of these cells showed an increase in discharge activity (24/31, black lines); seven cells showed a decrease in activity (gray lines). The majority of the cells, 25/31, began to increase their discharge activity during the swing phase of the coFL, while the onset of the burst of activity in the other 6/31 cells (enclosed by the box in Fig. 4A ) was better related to iFL swing. All 31 cells continued to discharge after the passage of both forelimbs over the obstacle, and, in most cells, the end of the significant period of discharge occurred just prior to, or coincident with, the end of the period of activity of the coSt, as for the cells illustrated in Fig. 3 . The phase of onset (open bars) and offset (diagonally hatched bars) of the discharge in this population is summarized in Fig. 4B . This plot may be compared with the data illustrated in Fig. 4C that shows a similar histogram for the cells that were related to forelimb activity (step-related cells) in the study of Andujar et al. (2010) . While the onset of the discharge in those forelimb-related cells overlaps those of the FL-HL population, there is a clear difference in the phase of offset of these cells.
As can be seen from the averaged histograms of Fig. 3 , cell discharge during the cycles preceding the step over the obstacle was relatively low. This is quantified in Fig. 4D , which shows that discharge activity rarely exceeded 30 Hz during control locomotion (mean ϭ 20.2 Ϯ 13.5 Hz). During the steps over the obstacle, peak discharge in all of those cells showing increased activity over control was significantly greater (mean ϭ 73.2 Ϯ for each example, we show the superimposed activity of the cell and selected EMGs during control locomotion (black line) and during the step over the obstacle in the matched task (red line). The contralateral limb was the first to step over the obstacle (lead limb) in each case. The thinner black lines around the control trace for the unit indicate the interval of confidence (99%) of the standard error of the mean. The gray rectangles in each average indicate the period between the onset of the contralateral forelimb flexor (ClB) and the onset of the homolateral hindlimb flexor (either the St or the anterior head of the sartorius, Srt). Each series of averaged traces displays 2 steps before the step over the obstacle and 1 step after. Arrows labeled FL and HL indicate when the forelimbs and hindlimbs, respectively, step over the obstacle. A-C, right: raster displays of the unit activity for each cell synchronized to either the onset of activity in the coBr or the coClB (top) or to the coSt or the coSrt (bottom). The averaged activity of the synchronizing muscle is shown below each raster. Each raster shows 1 step before and 1 step after the step over the obstacle. The straight vertical line in each raster indicates the onset of activity in the illustrated muscle and the staggered vertical lines indicate the offset. Rasters are rank-ordered according to cycle duration.
23.6 Hz, P Ͻ 0.001; Fig. 4 , E and F). For the seven cells showing decreased activity during the step over the obstacle, discharge activity ceased completely for five of seven cells.
Contralateral limb trails. When the contralateral limb trailed in the matched task, the sequence of activity in the limbs was the opposite of that shown in Fig. 1 . The right, ipsilateral, forelimb passed over the obstacle before the left, contralateral, limb and, likewise, the right, ipsilateral, hindlimb preceded the left, contralateral, hindlimb. In this situation there were frequently major changes in the relationship of the cell discharge pattern to the coFL as described in our previous manuscript (Andujar et al. 2010 ) for forelimb-related cells. However, in the case of these FL-HL cells, there were additional changes in the relationship of the cell to activity in the hindlimbs.
An example of a cell that showed major changes in the activity of the phase of cell discharge with respect to both the fore-and hindlimbs is illustrated in Fig. 5A . In the lead condition, this cell discharged similarly to the examples shown in Fig. 3 . Cell discharge began during the swing phase of the coFL (represented by the activity in the coBr) and continued until the period of activity of the coHL (represented by the activity in the coSt). However, in the trail condition this relationship to the coFL and the coHL was substantially modified. Cell discharge now began during the passage of the ipsilateral forelimb over the obstacle and was phase advanced with respect to the coClB by ϳ0.5. In addition, cell discharge activity now ended as the ipsilateral hindlimb passed over the obstacle, again phase-advanced ϳ0.5 with respect to the passage of the contralateral hindlimb as represented by the period of activity in the coSt (Fig. 5A, middle, black trace) . The red trace superimposes the trace from the left column (lead condition, synchronized on coClB) to emphasize the change in phase of the cell activity with respect to the coClB and the coSt. Synchronizing the activity of the cell to the iClB instead (Fig. 5A, right) shows that the cell discharge began during iFL swing and continued until the period of activity of the iHL flexor, iSt. The red trace again shows the trace from the lead condition, which is now effectively synchronized to the iClB as for the black trace. This shows the similarity of the discharge activity when each trace is synchronized to the lead forelimb. Taken together, the three displays emphasize that the onset of the discharge in this cell is related to the activity of the lead forelimb and the lead hindlimb in both the lead and trail condition. Using the same terminology as in our previous article (Andujar et al. 2010) , this cell would be considered to show limb-independent activity with respect to both the forelimbs and the hindlimbs.
The cell in Fig. 5B showed a slightly different pattern of activity. With respect to the onset of the cell discharge, the cell behaved very similarly to that illustrated in Fig. 5A . The onset of cell discharge was related to the first forelimb to pass over the obstacle, irrespective of whether this limb was contra-or ipsilateral to the recording site. The cell would therefore be classified as limb-independent for the forelimbs. As for the example in Fig. 5A , during the lead condition, the cell discharge continued until the period of activity of the coHL flexor, the coSrt in this example (Fig. 5B, left) . However, in the trail condition, cell discharge was not so strictly related to the iHL flexor, as in Fig. 5A . Instead the cell continued to discharge after the end of the period of activity in the iSrt (Fig. 5B, right) and ceased its activity at the onset of the subsequent period of activity in the coSrt (Fig. 5B, middle) . This cell would thus be considered to be limb-specific with respect to the hindlimbs.
It is important to note that trials in which the cat stepped over the obstacle with the ipsilateral limb first were intermingled with those in which it stepped over first with the contralateral limb. Similarly, control cycles were also intermingled with the steps over the obstacle.
The change in the pattern of activity can, therefore, not be explained by changes in recording stability over the period examined.
A summary of the activity patterns during the matched task is provided in Fig. 6, A we illustrate post event histograms (PEH), raster displays, and the averaged activity of selected muscles in the 2 conditions for 1 example cell. Data are displayed synchronized to the onset of the coClB when the contralateral limb leads (left) and when it trails (middle) and to the onset of the iClB when the contralateral limb trails (right). The black traces show the averaged activity of the cell in the illustrated condition; the red lines in the middle and right traces superimpose the cell activity from the lead condition (see text). Bottom: raster displays synchronized on the coSt (left and middle) or the iSt (right). B: similar displays for a 2nd cell displaying activity in the Srt instead of the St. in the lead condition, whereas 6/31 were best related to the iFL and the iHL. These data are shown in Fig. 6, A and B, left . Considering first the 25/31 FL-HL cells, 19/25 showed a limb-independent pattern with respect to the forelimbs in the trail condition and 6/25 showed a limb specific pattern (Fig.  6A) . Of the 19/25 cells showing a limb-independent pattern of activity with the forelimbs, 10/19 equally showed a limbindependent pattern with the hindlimbs (as for the example in Fig. 5A ), and these are illustrated with the gray oval. The other 9/19 cells showed a limb-specific pattern with respect to the hindlimbs (as in the example in Fig. 5B ); these are illustrated by the rose oval. Of the 6/25 cells retaining a limb-specific pattern with respect to the forelimbs, 2/25 also showed a limb specific pattern of activity for the hindlimbs (gray oval), whereas the other 4 showed a limb-independent pattern of activity for the hindlimbs (rose oval). An example of this latter type of cell can be seen in Fig. 8 (see following text) . For the 6/31 FL-HL cells that were related to the ipsilateral limbs in the lead condition, three from four of the possible permutations in the trail condition were observed (Fig. 6B) . Peak frequency in both the lead and trail condition was similar (not illustrated).
Visual dissociation task
In the visual dissociation task, the cats had to change their strategy in one of two ways. If the cats maintained the standard strategy then the same order of limbs as in the matched task (Fig. 1A) was observed during the step over the obstacle. However, the period of activity in the hindlimb flexor muscles was delayed and/or prolonged with respect to the phase of activity observed in the matched task. If, however, the cat adopted the double step strategy, then the order of the passage of the hindlimbs over the obstacles was inverted (Fig. 1B) . If the FL-HL population of cells is truly involved in determining coordination between the fore-and hindlimbs, then one would expect the cells should show changes in activity that predict and parallel the changes in behavior. This was observed for cells recorded both during the standard and the double step strategy.
Standard strategy
When the cats adopted the standard strategy, the increased time required for the obstacle to pass under the body was reflected in the delayed onset and duration of the flexor muscle activity in the hindlimbs. This can be observed as changes in the activity of the coSt and iSt in both the lead and trail conditions (Fig. 7, A and B: green traces) compared with the matched task (Fig. 7, A and B: red traces; see also Fig. 1 ). The prolonged activity in the hindlimb flexor muscles was reflected in the discharge activity of the neuron illustrated in Fig. 7 in both the lead and trail conditions (green traces). In the lead condition, when the speed of the treadmill and the obstacles was matched, the cell discharge began just after the onset of the coClB and continued until the end of the period of activation of the coSt (Fig. 7, A, red trace, and C, top) . This relationship with the coSt was maintained in the visual dissociation task, but the duration of the period of increased cell discharge during the step over the obstacle was prolonged with respect to the matched condition (Fig. 7, A, green trace, and C, bottom) . During the trail condition, the onset of the cell discharge was related to the onset of the iClB in the ipsilateral limb (limb-independent). Similarly, in the trail condition, the cell activity was better related to the activity of the iSt in the matched condition (Fig.  7D, top) , and this relationship was equally maintained during the visual dissociation task (Fig. 7D, bottom) . Plotting the end of the phase of cell discharge in the visual dissociation task as a function of the matched task (Fig. 9A) shows that many neurons had a consistently increased phase of offset in the visual dissociation task as would be expected on the basis of the example illustrated in Fig. 7 . This relationship was observed equally during the lead condition (open symbols) and during the trail condition (filled symbols). Note that the general pattern of activity with respect to the relationship of a given cell to the forelimbs and the hindlimbs was identical in the matched condition and when the standard strategy was adopted during the visual dissociation task.
Double step strategy
In the double step strategy, the cells also showed increases in the duration of the discharge activity and thus of the phase of offset of this period of activity (Figs. 8A) . Indeed, in this situation, the phase of the offset was substantially increased with respect to that observed during the matched task (Fig. 9B) . However, the more important observation is the change in the relationship of the cell discharge with respect to the hindlimb activity in the double step strategy.
In the cell illustrated in Fig. 8 , cell discharge in the matched task during the lead condition began during the period of activity of the coClB (Fig. 8A , red traces) and ended at the onset of the period of activity in the contralateral hindlimb flexor, coSt (B). In the double step strategy, the increased period of discharge activity greatly exceeded the initial period of activity of the coSt (Fig. 8, A, green traces, and C) as the left hindlimb was placed in front of the obstacle (instead of passing over it as in the standard strategy). Instead there was now a very clear relationship between the period of cell discharge and the activity of the iSt (Fig. 8D) of the iHL that, in the double step strategy, was the first hindlimb to pass over the obstacle in this lead condition. Note that the shape of the cell did not change during the recording period (insets between Fig. 8, B and F and C and G) . Moreover the control activity of the cell, taken from recordings during both the matched and visual dissociation tasks was unchanged (not illustrated).
In the trail condition, the onset of the period of cell discharge remained related to the period of activity of the coClB (Fig.  8E) , it was thus limb-specific. However, the offset of the period of activity was best related to the activity in the iSt (Fig. 8F) and was thus limb-independent with respect to the hindlimbs. Cell Discharge activity in the visual dissociation task when the cats adopted the standard strategy. A and B: averaged cell and EMG activity during the lead (A) and trail (B) conditions. Data are illustrated for the control situation (black trace), the matched task (red trace) and the visual dissociation task (green trace). C and D: raster displays and averaged EMG activity of the coSt and the iSt synchronized on the onset of the coSt (C) or the iSt (D). The top traces (red) in B and C show data during the matched task, the bottom traces (green) during the visual dissociation task.
When the cat used the double step strategy, the cell discharge exceeded the period of activity in the iSt (Fig. 8G) and was now best related to the period of activity in the coSt (Fig. 8H) . Therefore in both the lead and trail conditions, the relationship to the hindlimb flexor muscles was modified in the double step strategy with respect to the matched situation. However, in both the lead and trail conditions, the cell maintained its relationship to the first hindlimb to pass over the obstacle.
A summary of the data obtained during the visual dissociation task when the cat used the double step strategy is illustrated in Fig.  10 . As for Fig. 6 , the ovals indicate with which pair of limbs the cells discharged in a given condition. In this figure, however, the gray ovals indicate the activity in the matched task and the green ovals, the activity in the visual dissociation task. To keep the figure relatively simple, data are only presented for those cells that were related to the coFL and coHL during the lead condition (i.e., the population illustrated in Fig. 6A ). Data during trials in which the cat used the double step strategy during the lead condition were obtained for four of these cells (Fig. 10A) . In all four cases, the cells behaved as in the example illustrated in Fig. 8, A-D. That is, the cell discharge was best related to the coFL and coHL in the matched task (gray oval) but to the coFL and the iHL in the double step strategy (green oval). Note that this means cell discharge was 8. Cell Discharge activity in the visual dissociation task when the cats adopted the double step strategy. The data are illustrated in a similar manner to that of Fig. 7 . Numbers on the traces in A and E indicate the EMG bursts associated with the passage of each of the 4 limbs over the obstacle. Note the change in order during the double step strategy (green traces and number) compared with the matched task (red numbers and traces). B-D and F-H: rasters triggered on either the coSt or iSt illustrating the relationship of the cell to either the contralateral or the ipsilateral limb. The inset between B and F illustrates the waveform of the recorded action potential in the middle of the recordings during the matched task. The inset between C and G illustrates the same action potential in the middle of the recordings of the visual dissociation task. Apart from some change in amplitude, the waveforms are identical. best related to the lead forelimb and the lead hindlimb in both conditions.
Data for the double step strategy in the trail condition were available for 17 of the 25 cells recorded in the lead condition of the matched task. These data are summarized in Fig. 10B . In the matched condition, four different patterns were observed as illustrated in Fig. 6 and represented by the gray ovals in this figure. During the double step strategy, the relationship of the cell discharge with the forelimb was unchanged in all cases. However, in all 17 cells, discharge was always related to the coHL when the cat adopted the double step strategy (green ovals, Fig. 10B) , regardless of the relationship in the matched task. This effectively means that, as in the lead condition (Fig.  10A) , during the double step strategy the cell discharge always predicted the passage over the obstacle by the lead hindlimb.
Hindlimb related cells
We recorded 16/47 cells in which the modification of the discharge activity of the cell began coincidently with, or following, the onset of activity in the lead hindlimb. In a few of these cells, the period of modified discharge activity was relatively brief and restricted to the period of activity of the lead hindlimb (4/16). In the other 12/16 neurons, cell discharge was prolonged until either the onset or the end of the period of activity in the flexor muscle of the trail hindlimb.
MATCHED TASK. Contralateral limb leads. Two examples of neurons showing a prolonged period of modified discharge activity during the lead condition are shown in Fig. 11 , A and B (left). In the example illustrated in Fig. 11A , the cell discharged infrequently during control locomotion. In contrast to the population of FL-HL cells, this cell showed no change in its activity pattern as the forelimbs passed over the obstacle and the obstacle passed under the body (large vertical gray rectangle). However, it showed a substantial increase in activity as the two hindlimbs stepped over the obstacle (smaller, horizontal gray rectangle) with the cell discharge beginning just after the onset of activity in the coSrt (see raster display). Cell discharge peaked during the passage of the contralateral (lead) hindlimb but remained significantly elevated above control until the end of the period of activity in the iSrt. The pattern of discharge in the cell illustrated in Fig. 11B during the lead condition (left) was similar except that in this case the discharge activity was even more prolonged and continued until the onset of the next period of activity in the coSrt. The phase of activity of these two neurons and of the other 14/16 hindlimb related cells is illustrated in Fig. 12A where the activity of the coSrt and the iSrt is represented by the two shaded rectangles. In most cells, discharge frequency was low during control locomotion and increased quite substantially during the steps over the obstacle (Fig. 12B) .
Contralateral limb trails. When the contralateral limb trailed, all 16 cells also showed an increase in their discharge activity with respect to the unobstructed locomotion. In some cases, the activity maintained its relationship to the activity of the contralateral limb, i.e., it was limb-specific. This is the 10 . Summary of the patterns of limb coordination seen in the visual dissociation task (double step strategy). The figure is arranged in a similar manner to Fig. 6 . A: pattern of activity in the lead condition for the double step strategy. The gray ovals indicate the pattern of activity in lead condition of the matched task; the green ovals during the double step strategy. B: the activity of the cells defined as being best related to the contralateral forelimb (B) on the basis of their activity in the lead condition of the matched task (see Fig. 6A ). The gray ovals show the pattern of activation in the trail condition of the matched task and the green ovals the activity of the cells in the trail condition of the double step strategy. The figurines of the cats indicate which hindlimb was the first to step over the obstacle (filled limb) in the different conditions. situation for the cell illustrated in Fig. 11A (right) . As can be seen from the raster displays synchronized on the coSrt, the onset of the cell discharge coincided with the period of activity of this muscle in both the lead and the trail condition. Synchronizing the activity from the lead condition (red trace) aligned on the lead forelimb shows a displacement of the trace by a phase of ϳ0.5. However, in the case illustrated in Fig.  11B , the cell shows a limb-independent pattern of activity in that the cell became active during the period of the coSrt in the lead condition but was better related to the period of the iSrt activity in the trail condition. In other words, the cell discharge began at the same phase with respect to the activity of the Srt (A and B) , we illustrate the activity during the lead (left) and trail (right) conditions. The averaged activity of each cell, together with the EMG of 4 representative muscles is illustrated triggered on either the activity of the coBr (lead condition) or the iBr (trail condition). In the trail condition, we also superimpose the cell activity during the lead condition (red trace) as for Fig. 5 . We also illustrate, for both the lead and the trail condition, raster displays triggered on the activity of the coSrt and the iSrt. The large, vertical, gray rectangles in the averaged traces indicate when the forelimbs stepped over the obstacles. The smaller, horizontal, gray rectangles illustrate when the hindlimbs stepped over the obstacle. Note that cell A illustrates a pattern of activity indicative of a limb-specific pattern, whereas cell B shows a limb-independent pattern.
in the lead hindlimb regardless of whether the lead limb was contra-or ipsilateral to the recording site. This is illustrated by the superimposition of the red and black traces in the averaged unit display of Fig. 11B (right) . This should be contrasted with the phase separation of the red and black traces in the averaged displays of Fig. 11A (right) .
Altogether limb-specific activity in the trail condition (e.g., Fig. 11A ) was observed in 4/16 cells, limb-independent activity (e.g., Fig. 11B ) was observed in 10/16 cells; and the pattern was indeterminate in the other 2/16 cells. The peak discharge frequency of the 16 cells in the lead and trail conditions was similar as illustrated in Fig. 12C .
Visual dissociation task
As for the FL-HL cells, when the cats adopted the standard strategy during the visual dissociation task, the cell discharge was similar to that observed in the matched condition albeit with a slight prolongation of the discharge activity (not illustrated). Cells related only to the passage of the hindlimb were recorded only in cat PCM6, which adopted the double step strategy only in the trail condition. However, the available data suggest that cell discharge was modified in an analogous manner to that of the FL-HL cells. This is illustrated for two cells in Fig. 13 . In the example illustrated in Fig. 13A , in the matched condition (red trace), the cell discharged from the end of the passage of the ipsilateral (lead) hindlimb (identified in red as burst 3; see red raster synchronized on iSrt) until the end of the passage of the trailing contralateral limb (red burst 4, red raster synchronized on coSrt). In the double step strategy, the cell began to discharge at the onset of the activity in the coSrt (green burst 3 and green raster), which was now the lead limb, and continued until the trailing ipsilateral hindlimb had also passed over the obstacle.
In the example illustrated in Fig. 13B , the onset of the cell discharge was similarly best related to the activity of the iSrt (lead hindlimb) in the matched condition and the cell continued to fire until the end of the period of activity of the contralateral limb (red rasters). However, in this example cell discharge began at the onset of the period of activity in the iSrt, rather than at the offset as in Fig. 13A . In the visual dissociation task, the cell discharged in an identical manner to that in Fig. 13A . The onset of the period of discharge activity was now clearly related to the period of activity of the coSrt and the cell continued to discharge until the passage of the trailing hindlimb.
Altogether, as for the FL-HL population, all of these HLrelated cells discharged with respect to the contralateral (lead) hindlimb in this double step strategy in the trail condition.
Working memory paradigm
We hypothesized that cells that were involved in interlimb coordination during the steps over the obstacle would be equally involved in the same function in the memory task of McVea and Pearson (2006) despite the dramatically increased periods of time between the passage of a given pair of limbs. We therefore recorded the activity of 15 cells from cat PCM6 both during treadmill locomotion and in the identical task used by McVea and Pearson (2006) in which the forward progression of the animal was interrupted as the forelimbs and hindlimbs straddled the obstacle. Of these cells, 11/15 were identified as being forelimb-hindlimb related on the basis of their activity in the treadmill tasks and the other 4/15 as hindlimb related. The discharge activity of a further two cells from PCM5 were recorded when the treadmill was stopped with the obstacle between the forelimbs and hindlimbs.
One example of a FL-HL cell is shown in Fig. 14 . This is the same cell as that illustrated in Fig. 5B ; it discharged strongly as the obstacle passed between the forelimbs and the hindlimbs during treadmill locomotion. On the walkway, the cell discharged relatively weakly as the cat approached the obstacle and then showed a large increase in discharge frequency to ϳ175 Hz (Fig. 5, B and C) as the forelimbs stepped over the obstacle. This is similar to that seen as the cat stepped over the obstacle during treadmill locomotion (Fig. 5B) . The progress of the cat was then halted as the forelimbs and hindlimbs straddled the obstacle (Fig. 14A) , and the cat was given a food reward. The obstacle was then lowered so that it was flush with the walkway, ensuring that there was no contact between the (A and B) indicate the 2 cells illustrated in Fig. 11 . B: peak frequency of the discharge during the lead condition as a function of the peak frequency during control locomotion. C: peak frequency of the discharge activity during the trail condition as a function of the activity during the lead condition.
cat and the obstacle during this period. Throughout the period that the forelimbs and hindlimbs straddled the position of the obstacle (59 s in Fig. 14B ), the cell continued to discharge with only a minimal decrease in its discharge frequency. The discharge fell abruptly when the cat was allowed to continue its forward progress and stepped over the obstacle with the hindlimbs. When the cat was stopped on the walkway away from the obstacle (Fig. 14C) , the discharge activity was substantially lower than when the cat was straddling the obstacle. This basic pattern of activity when the cat straddled the obstacle was seen in all 11 forelimb-hindlimbs cells that were tested in this paradigm. In all of these trials, the cat produced a hyperflexion as it advanced over the position of the obstacle in a similar manner to that described by McVea and Pearson (2006) . The two cells recorded in cat PCM5 showed similar properties.
A similar pattern of activation was also seen in the four cells related only to the hindlimbs when the forward progression of the cat was stopped with the hindlimbs straddling the obstacle. Figure 15 shows one such cell. This neuron did not fire as the forelimbs passed over the obstacle during treadmill locomotion (large gray rectangle) but increased its activity substantially as the two hindlimbs passed over the obstacle (Fig. 15, A-C) . When the cat was transferred to the walkway, the cell similarly showed no change in its discharge activity when the forelimbs passed over the obstacle (Fig. 15, D and E) . However, cell discharge increased markedly when the cat advanced and stepped over the obstacle with one of the hindlimbs. The progress of the cat was then halted for a period of 8.2 s in the trial illustrated in Fig. 15D and for 20 s for the trail illustrated in 15E. The cell continued to discharge during this period when the two hindlimbs straddled the obstacle and then stopped firing as the second hindlimb stepped over the obstacle.
D I S C U S S I O N
The data in this manuscript detail the properties of two populations of neurons recorded in area 5b of the PPC. The first population showed substantial increases in discharge activity as an obstacle attached to a moving treadmill belt passed under the cat's body and the animal stepped over it with first the forelimbs and then the hindlimbs. The majority of the cells in the second population discharged between the passage of the Fig. 8 with the black traces indicating the control activity, the red traces the activity in the matched task, and the green traces the activity for the double step strategy during the visual dissociation task. two hindlimbs. In addition, neurons in each of these two populations discharged continuously when passage over an obstacle on a walkway was temporarily prevented so that either the fore-and hindlimbs or the two hindlimbs straddled the obstacle. We suggest that both of these populations are involved in interlimb coordination during visually guided gait modifications. We propose that activity in these neurons is used to integrate the spatial and temporal attributes of the obstacle with an estimate of the location and state of the body and the limbs of the cat.
General characteristics
As stated in the preceding text, we conclude that both subpopulations of cells detailed in this manuscript contribute to the coordination of activity between either the fore-and the hindlimbs or the two hindlimbs. These classifications are based primarily on the timing of the onset and the end of the significant change in cell activity in the lead condition of the matched task. For the FL-HL population, for example, significant changes in discharge activity began during the step over the obstacle by one of the two forelimbs and continued until the passage of the homolateral hindlimb. While the raster displays in the figures show that temporal changes in cell and EMG activity in the forelimbs and hindlimbs were well related, it is possible that the cells may be related to other events. For example, the cells might in fact discharge during the stance period of the forelimb. We consider this unlikely for several reasons. First, cell discharge activity normally continued after the end of the period of stance. More importantly, however, the cell discharge in the visual dissociation condition can only be readily explained if the cells are influenced by or actively influence hindlimb activity. For example, most cells show an increased duration in their period of activity in parallel to the increase in duration of the hindlimb flexors (Fig. 7) . Most convincingly, however, many of these cells show a major reorganization of their discharge activity when the cat adopts the double step strategy (Fig. 8 , see following text) even though there is no need for any modifications of the forelimb activity. Moreover, it should be remembered that most of the tested cells had receptive fields that included the hindlimbs.
The overall discharge patterns of the population of cells detailed in this manuscript show some differences in their properties compared with those described in a previous publication from this laboratory (Andujar et al. 2010 ). The cells previously described in that manuscript showed either brief, phasic periods of activity, tightly related to the passage of the forelimbs over the obstacle (step-related cells) or showed a prolonged burst of activity prior to the step over the obstacle that ceased either just before, or during, the step over the obstacle with the lead forelimb (step-advanced cells). In the matched task, few cells continued to discharge after the passage of the lead forelimb over the obstacle and none continued until the passage of the hindlimb. In contrast, the period of increased discharge activity of the major subpopulation of cells described in this manuscript filled the time between the passage of the forelimbs and the hindlimbs over the obstacle while the other subpopulation of cells discharged only to the passage of the hindlimbs. Neither of the subpopulations recorded in this study included cells that modified their discharge frequency in advance of the step over the obstacle with the lead forelimb.
Despite the differences in the specific pattern of activity, the population of cells detailed in this manuscript share some important features with those described for our population of forelimb-related cells (Andujar et al. 2010) . In particular, both populations of cells include a large proportion of limb-independent cells. Indeed a very similar percentage (76%) of our FL-HL cells showed limb-independent activity with respect to the forelimbs as for the step-advanced population of cells (72%) in the study of Andujar et al. (2010) . However, in the FL-HL cell population, there is also the possibility for modifications of the cell discharge with respect to the hindlimbs and, indeed, both limb-specific and -independent discharge activity was observed with respect to the hindlimbs (Figs. 6 and 10: see following text). This resulted in a multiplicity of patterns, each providing evidence of a contribution of the PPC to a different aspect of the interlimb coordination, albeit with some combinations favored over others (Figs. 6 and 10) . The 14. Activity of a forelimb-hindlimb cell during the memory paradigm. A: cartoon of cat straddling the obstacle. Once the forelimbs passed over the obstacle, the barrier was lowered so that it was flush with the surface of the walkway. B: a trial showing the activity of a forelimb-hindlimb related neuron during the time that the cat straddled the obstacle (same cell as in Fig. 5B ). The cell discharged from the time that the lead, iFL, stepped over the obstacle until the time that the ipsilateral, trail, hindlimb (iHL) stepped over. C: activity of the same cell when the cat was standing quietly away from the obstacle. possibility for multiple combinations was obviously reduced for those cells related only to the hindlimbs but, again, a preponderance of limb-independent cells was observed in the trail condition.
Functional contribution of the PPC to interlimb coordination
LEAD CONDITION. Together the general organization of cell activity described in the preceding paragraphs suggests a critical contribution of the PPC to interlimb coordination. We suggest that different populations of neurons assure appropriate coordination between each pair of limbs on the basis of visual inputs providing information on the attributes of the advancing obstacle. These attributes include both spatial ones, defining the location of the obstacle relative to the body, and temporal ones, defining the relative velocity of advance of the obstacle. By using this combined spatial and temporal information, the cat can ensure that the time of the onset of the swing phase and its duration, in both the lead and the trail hindlimb, is appropriately adapted to the predicted location of the obstacle as it passes under the body.
In the situation in which the speed of the obstacle and the treadmill are matched, interlimb coordination is relatively simple as the timing of the hindlimb and its trajectory can be theoretically determined on the basis of activity in the forelimb. However, in the visual dissociation task, when the speed of the obstacle is less than that of the treadmill on which the cat is walking, the obstacle takes relatively longer to pass under the body and the spatial location of the paw placement with respect to the obstacle , as well as the time of activation of the hindlimb flexors, is modified (Fig. 1) . Moreover, if the speed is lowered to a critical value, the cat must now change its behavior completely and use a double step strategy (Drew et al. 2008; . Lesion of the medial region of area 5 produces deficits in the ability of the cat to coordinate the hindlimb activity with the forelimbs, in particular in the visual dissociation task ; see also ).
The results presented in this manuscript suggest that cells in area 5 of the PPC predict the coordination pattern that the cat adopts in all conditions. For example, in the visual dissociation task when the cat adopted the standard strategy, the onset of the hindlimb flexors was delayed and their duration increased. During this strategy, the activity of most of the cells in the FL-HL subpopulation was substantially prolonged (Figs. 7 and 15. Activity of a hindlimb-related cell during treadmill locomotion and during the memory paradigm. A: averaged activity of the cell during the treadmill task when the contralateral limb led. Data are combined from activity during normal treadmill locomotion and from the visual dissociation task when the cat adopted the standard strategy. The data are synchronized to the onset of activity in the coBr and the gray rectangle indicates the period when the two forelimbs stepped over the obstacle. B and C: PEH and raster display of the cell activity synchronized to the onset of the coSrt (B) and the iSrt (C). D and E: 2 trials when the cat stepped over the obstacle on the walkway. In this example, the progress of the cat was initially halted after passage of the 2 forelimbs and then again after passage of the lead hindlimb. The obstacle was lowered only after the lead hindlimb had stepped over. 9B). We suggest that this increase in duration is predictive of the delay in the hindlimb activity that is required. More impressively, when the cat adopted the double step strategy, the pattern of activity in the majority of FL-HL cells was modified substantially. For example, for the 25 cells best related to the coFL and the coHL in the lead condition of the matched task, the relationship when the double step strategy was adopted during the visual dissociation task was modified so that the cell activity was instead best related to the coFL and the iHL (Fig. 8, A-D) . This has several implications. First, the cell discharge maintained its relationship to the lead forelimb and the lead hindlimb in both the standard and the double step strategy. (For the cells best related to the iFL and the iHL during the matched task, the analogous modification was to the FL and the coHL.) Second, the first hindlimb to step over the obstacle is not necessarily predetermined on the basis of which forelimb is the first to pass over the obstacle. Third, at least for the limb-independent cells, the discharge activity does not determine which hindlimb will pass over the obstacle but rather when that event will occur. As such, there must be other neurons that use this information to select the limb to step over the obstacle. This is dictated by the fact that cells such as those illustrated in Fig. 8 , A-D, discharge until passage of the coHL in the matched condition but to passage of the iHL in the double step strategy. This signal might be implicit in the limb-specific cells or might involve other cortical or subcortical structures.
Two major related questions that arise from these properties are: where does the information used to calculate the modified activity of the hindlimb arise and how is this information used to produce the gait modification?
With respect to the first question, it is pertinent that none of the FL-HL cells significantly increased their discharge activity prior to the step over the obstacle by the forelimbs. The modification of the discharge frequency began only at the time that the forelimbs were already passing over the obstacles and at a time when direct visual information of the obstacle was lost to the cat. As such, the modified discharge activity in these cells must be the result of feedforward information provided by other populations of cells. For example, the step-advanced cells described in our previous publication (Andujar et al. 2010) might provide the pertinent information, in particular if they encode a signal providing the appropriate temporal information on the advance of the obstacle, perhaps as a time to contact signal. However, activity in these FL-related cells stopped at approximately the same time that activity in the FL-HL cells began to increase. While the end of the period of activity in these step-advanced cells might be responsible for the initiation of the activity in the FL-HL populations, there can be no direct transfer of information between these two populations of cells. This is especially true for the double step strategy during the visual dissociation task when the coupling with the hindlimbs changes and this despite no major changes in the discharge properties of the step-advanced cells in these conditions (Andujar et al. 2010) .
With respect to the second question, we suggest that the cell discharge in these FL-HL cells provides an estimation of the predicted location of the obstacle with respect to the body (Buneo and Andersen 2006; Lacquaniti et al. 1995; Stein 1992) as well as an estimation of the time at which the hindlimb should begin its step over the obstacle. In this respect, it might be similar to the increase in neuronal activity observed during tasks requiring spatial updating (e.g., Wolbers et al. 2008) or when reaching movements or saccades are made to remembered or instructed locations (Chafee and Goldman-Rakic 1998; Gail and Andersen 2006; Gnadt and Andersen 1988; Quintana and Fuster 1999) . As mentioned in a previous paragraph, this estimation has to be modified in the visual dissociation task, and we suggest that changing the speed of the obstacle modifies the internal model that the cat used to plan these gait modifications. This is supported by the finding that the ability to modify gait to step over the slowed obstacle seems to be a learned process as cats initially hit the obstacle with their hindlimbs during the first training sessions in this task and the frequency of double steps likewise increased during training (Lajoie, K. and Drew, T., unpublished observations) . The cats must, therefore, learn to recognize the strategy required in a given situation and modify the process of spatial and temporal estimation that allows them to coordinate the fore-and hindlimbs. The effectiveness of this estimation process is demonstrated by the fact that the cats never hit the slowed obstacle once training was complete.
Most of the considerations detailed in the previous paragraphs also pertain to the population of cells that were related only to the passage of the hindlimbs over the obstacle. In the same way that we suggest that the activity in the forelimb related cells may trigger activity in the FL-HL cells, so may the FL-HL cells trigger activity in the HL-HL cells. Similarly, while the FL-HL cells estimate the passage of the obstacle under the body until the passage of the HLs, so the HL-HL cells must continue to estimate the spatial and temporal attributes of the obstacle to coordinate the passage of the trail hindlimb over the obstacle.
Trail condition
As mentioned in the preceding text, many of the cells showed limb-independent activity with respect to the forelimbs during the trail condition. This is identical to the situation observed for the population of forelimb cells described in our previous publication (Andujar et al. 2010 ). In the majority of the limb-independent FL-HL cells (19/31), this means that the cell was always related to the lead forelimb. However, in another 5/31 cells, it means the cells' discharge was always related to the trail limb; such a population related to the trail limb was not observed in the forelimb-related population. In the other 7/31 cells, the discharge was limb-specific with respect to the forelimbs. Similar limb-independent effects were also observed in the HL-HL cells.
However, in addition to the possibility of showing limbindependent or -specific discharge activity with respect to the forelimbs, the population of FL-HL cells could equally show limb-independent or -specific activity with respect to the hindlimbs, providing four possibilities of discharge activity for the population of 25/31 cells related to the coFL and coHL in the lead condition and another four possibilities for the population of 6/31 cells related to the iFL and iHL in the lead condition. Indeed as demonstrated in Fig. 6 , 7/8 of these possibilities were observed although the most common patterns were the double limb-independent cells (i.e., changed in a similar manner for both the FL and HL) and the situation in which only the forelimb showed a limb-independent change.
What is striking about these cells is the large number of patterns of discharge activity that were observed, effectively covering all possible permutations. Such a broad variability does not, at first sight, seem necessary for the control of locomotion where the variability in limb coupling patterns is relatively restricted, even in the conditions of the visual dissociation task when the double step strategy is used. However, this variability in the patterns of activity might be essential in more extreme locomotor conditions. For example, when hunting prey, an organism might have to take into account very uneven terrain and rapid changes in direction. This will demand the ability to precisely couple activity in different pairs of limbs on the basis of estimations of where objects are with respect to the body and when one is going to encounter these obstacles based on the speed of advance. As in our task, these estimations become critical when vision can no longer provide direct information on the location of an obstacle with respect to the position of the hindlimbs. These experiments suggest an important contribution from the PPC to these visually guided locomotor adjustments.
Comparison with the motor cortex
We have previously described cells in the motor cortex that discharged during passage of the hindlimbs over the obstacles and others that discharged between the passage of the fore-and hindlimbs (Widajewicz et al. 1994) . However, there are several important differences between the populations of cells recorded in those experiments and those recorded in the present ones. With respect to the FL-HL cells, there are two differences. First, the cells in the motor cortex were always related to the coFL and coHL in the lead condition (i.e., there were no iFL-iHL cells as in Fig. 6 ). Second, the cells maintained this activity in the trail condition (i.e., there was no evidence of any limb-independent activity). With respect to the hindlimb-related cells in the motor cortex, we likewise found cells related only to the passage of the coHL over the obstacle, and no cells discharged to passage of each hindlimb as it stepped over the obstacle. However, it is possible that these differences may be because of a sampling bias, at least with respect to the FL-HL population.
In our previous study (Widajewicz et al. 1994) , only a small number (n ϭ 9) of FL-HL cells were recorded in the motor cortex, and these were very localized. It is possible that more widespread sampling in this region would reveal limb-independent cells with similar properties to those observed in the PPC. Nonetheless we feel that this is unlikely as inspection of our much larger sampling of motor cortical forelimb-related cells show no signs of limb-independent activity (Drew 1993) in that population. Similar arguments hold for hindlimb-related cells as extensive recordings from cells in the hindlimb representation of the motor cortex equally show no signs of limbindependent activity during voluntary gait modifications (Widajewicz et al. 1994 ). As such, we suggest that the relatively large proportion of cells related to activity in more than one limb in the PPC speaks to an important function of this cortical area in a general planning of interlimb coordination that is at a hierarchically higher level than any occurring in the motor cortex.
Contribution to working memory
One of the most striking results from this study is the prolonged discharge in these PPC cells that was observed when the cats straddled the obstacle on the walkway in the task developed by McVea and Pearson (2006) . These authors have shown that cats will hyperflex the hindlimb sufficiently to step over an obstacle even after delays of Յ10 min. Moreover lesion of the medial region of area 5b has been shown to eliminate this capacity to hold in memory the need to bring the hindlimb over the obstacle ), supporting the importance of this area in working memory during locomotion.
While cells in the PPC are well known to discharge during the delay period of an instructed delay task (Jeannerod et al. 1995; Kalaska 1996; Kalaska and Crammond 1995; Snyder et al. 1997 Snyder et al. , 2000 in primates, the delays used in most of these experiments rarely exceeded one second [although Quintana and Fuster (1999) have shown maintained discharge for periods of 10 -20 s]. In contrast, in our experiments, the cat regularly straddled the obstacle for periods of ϳ1 min, and the discharge was maintained at high levels for this entire period with very little sign of any decay. As during the treadmill tasks (see preceding text), we suggest that this maintained discharge may contain a neural representation of the obstacle's spatial location with respect to the body. Alternatively, or complementarily, it is also possible that the discharge contains a neural signal of the intent to make a subsequent movement of the next limb in sequence (Andersen and Buneo 2002; Buneo and Andersen 2006; Gail and Andersen 2006) . In this view, the termination of this signal initiates the step over the obstacle by the hindlimb.
It is pertinent that the same cells discharged in qualitatively the same manner during the passage of the limbs over the obstacle on the treadmill as during the memory task on the walkway. This suggests that the cell discharge is contributing in the same manner to interlimb coordination in the two tasks, albeit on two very different time scales. This finding has to be reconciled, however, with the observation of that lesion of area 5 prevented storage of the memory for periods of Ͼ5 s but not for shorter periods of time. interpreted this finding to suggest that area 5 is not essential for coordinating the forelimb and hindlimb when the delay is short. However, in that task, the obstacle was static, and there was no requirement for a temporal estimation of movement. The situation appears to be different when a temporal component is added to the spatial one. As shown by , lesion of area 5 in the task used in the current experiments produced quite severe deficits in the ability of the cats to step over the obstacle. As such it is probable that the discharge observed in area 5 cells during this task is a reflection of the essential contribution that the PPC makes to the control of locomotion when visual information is required to determine both the spatial and temporal aspects of gait modifications.
Conclusions
The experiments presented in this manuscript speak to the important contribution that the PPC makes in the control of interlimb coordination in the conditions of this locomotor task. As we have discussed previously , this contribution of the PPC is probably specific to situations in which gait is controlled on the basis of visual information or when the appropriate sequence of activation of limbs is delayed, and the spatial and temporal details of the movement of the next limb in sequence has to be held in memory. This conclusion is supported by the finding that the activity in these PPC cells is low or absent outside the requirements of the step over the obstacle. Moreover, unobstructed locomotion is not disturbed by lesions of area 5 .
While the present results and conclusions are based on data obtained from the walking cat, it is probable that similar populations of cells would exist in the primate PPC. In addition to fulfilling similar functions during locomotion to those suggested in the preceding paragraphs, it is possible that such cells would also contribute to climbing in arboreal primates. During climbing, the movements of the forelimbs to ensure an appropriate hand-hold are most frequently made under direct visual guidance. However, as during locomotion, the hindlimbs are frequently moved on the basis of remembered positions, even when this location is different from that used by either arm (see e.g., Dunbar 1989 ). In addition, hindlimb movements are frequently delayed with respect to forelimb movements in a manner similar to our experiments on the walkway (Figs. 14 and 15). The characteristics of the neurons recorded in this study suggest that this type of visually guided interlimb coordination could well be served by neuronal activity in the PPC in the same way as during locomotion.
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